A methodology is developed to enable wafer scale fabrication of single-walled carbon nanotube ͑SWNT͒ tips for atomic force microscopy. Catalyst selectively placed onto 375 prefabricated Si tips on a wafer is made possible by a simple patterning technique. Chemical vapor deposition on the wafer scale leads to the growth of SWNTs protruding from more than 90% of the Si tips. This represents an important step towards the scale up of nanotube probe tips for advanced nanoscale imaging of solid-state and soft biological systems and for scanning probe lithography. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1464227͔
The structural, mechanical, and electrical properties of carbon nanotubes make these novel nanowires ideally suited for scanning probe tips. [1] [2] [3] [4] [5] [6] [7] [8] [9] Single-walled carbon nanotubes ͑SWNTs͒ typically have diameters on the order of 2 nm, sufficient mechanical stiffness for useful length/diameter aspect ratios, and high resilience against mechanical damage. The key advantages of SWNT tips over conventional microfabricated Si tips include high lateral imaging resolution due to tip sharpness, high imaging consistency over prolonged operation, and high durability and long lifetime due to their excellent mechanical characteristics. [1] [2] [3] [4] [5] [6] [7] [8] [9] Furthermore, nanotube tips can be readily functionalized by well defined chemical groups or biological species. 2 The chemically derivitized sharp tips are superior in obtaining high lateral resolution in real-space imaging of surface chemical groups and biological molecules, and can enable the elucidation of chemical forces among limited numbers of molecules. 2 Nanotube tips are also advantageous in nanoscale surface modification and scanning probe lithography. 4, 9 SWNT tips have been used to fabricate nanostructures on surfaces with feature sizes below 10 nm under ambient conditions. 9 Due to these advanced functions and features, there has been an increasing demand for carbon nanotube tips.
Nanotube tips for atomic force microscopy ͑AFM͒ have previously been obtained by attaching nanotubes to the sides of Si pyramidal tips under optical or electron microscopes.
1,2,6,10 Important advances have been made to directly grow nanotubes on Si tips by chemical vapor deposition ͑CVD͒ methods. [7] [8] [9] In situ growth of nanotubes in a scanning tunneling microscope has also been pursued. 11 More recently, nanotube tips are being made at a high success rate by picking up pre-grown SWNTs on surfaces by Si tips during AFM operation. 12 Common to these methods is that nanotubes are attached or grown onto individual Si tips one at a time. It is highly desirable to develop methods capable of mass production of nanotube scanning probes.
Here we report the synthesis of SWNTs on massive Si tip arrays prefabricated on a 4 in. wafer, a major step needed for mass production of single walled carbon nanotube tips for AFM. There are two key tasks involved in the synthesis. The first is gaining the capability to place a catalyst on every Si tip of a wafer. The second is gaining the capability of growing SWNTs in wafer-scale CVD processes in a newly built 4 in. growth chamber. The catalyst-patterning step is accomplished by placing a catalyst onto 375 Si tips by a simple technique that involves photoresist spin coating, catalyst deposition, and liftoff. Wafer scale SWNT growth is made possible by devising rational growth conditions in large CVD systems based on understanding of the growth chemistry. Our method reproducibly leads to the growth of SWNTs that extend from more than 90% of Si tips on the wafer, thus accomplishing a major task for mass production of nanotube probe tips.
We start with a commercially available wafer ͑Nanode-vices, Santa Barbara, CA͒ that contains 375 prefabricated Si cantilevers with integrated pyramidal AFM tips, shown in Fig. 1͑a͒ . Each small compartment of the wafer contains a Si chip with a cantilever and a pyramid tip ͓Fig. 1͑b͔͒. The wafer is mounted on top of a plain Si wafer for support and the assembly is used for further processing and CVD growth.
Polymethylmethacrylate ͑PMMA͒ ͑9% in dichlorobenzene, molecular weight of 950 K͒ is spun onto the wafer at a low spin speed of 1000 rpm ͑rounds per min͒ and baked on a hot plate at 180°C for 5 min. The PMMA spin coating and baking step are repeated for a total of three times. The resulting PMMA film is several microns thick and covers the Si chips including most of the area of the cantilever beams. The Si tips on the cantilevers, however, are approximately 15 m in height and protrude from the PMMA layer due to the nonconformal nature of spin coated resist on tall structures. This leaves every Si tip on the cantilever exposed and free of resist coating, which is a simple but key point for our catalytic patterning approach. Subsequently, a catalyst suspension is spin coated onto the wafer at a low spin speed of 250 rpm ͓Fig. ͑1b͔͒. The catalyst suspension is similar to ones described previously 13 acetone for 1.5 min followed by immersion in fresh acetone for 3 h with the solvent refreshed every 1 h. Single-walled carbon nanotubes are grown at the wafer scale on Si tips by chemical vapor deposition using methane as the carbon feedstock. 13, 14 The catalyst-patterned wafer is placed into a 4 in. quartz CVD system ͓Fig. 1͑c͔͒ and heated to 900°C in an Ar flow after a thorough purge of the system by Ar. Ultrahigh purity methane ͑99.999% purity, flow rate of 1500 sccm͒, together with hydrogen ͑flow rate of 125 sccm͒ are then flown through the CVD system for a growth time of 7 min, followed by cooling of the system to room temperature in a H 2 flow.
The CVD condition described above leads to reliably high yield growth of SWNTs from the catalyst particles placed around the Si tips. Representative scanning electron and transmission electron microscopy ͑TEM͒ images of SWNTs grown from the Si tips are shown in Fig. 2 . The nanotubes typically cling to the sides of the pyramids before extending outward from the Si tips ͓Fig. 2͑c͔͒. TEM reveals that the structures that extend outward from the tips consist of either individual SWNTs ͑ϳ2 nm in diameter͒ or bundles of SWNTs ͑with diameters up to 10 nm͒. van der Waals ͑vdW͒ forces between the nanotubes and the pyramids are responsible for holding the nanotubes in place, and the length of the nanotube overlying the pyramid is responsible for maintaining the extended-outward orientations of the nanotubes which is desired for AFM tips. Nanotubes that originate from locations very close ͑Ͻ500 nm͒ to the Si tip typically fall back onto the pyramid surface ͓Figs. 2͑a͒ and 2͑b͔͒ to take advantage of vdW interactions. We have also observed nanotubes grown near the bases of the pyramids, but these as well as the tubes that fall backward are not relevant to AFM operation.
The catalytic patterning and growth approach leads to SWNTs being grown locally around every Si tip on a 4 in. wafer. Extensive scanning electron microscopy ͑SEM͒ imaging and AFM force measurements reveal that our method yields SWNTs protruding from more than 90% of the 375 Si tips. This high yield growth has been reproduced with several wafers with no noticeable variations in yield at different locations on the wafers. The high reproducibility, uniformity, and reliability are direct results of effective catalyst placement around the Si tips and the rational design of the CVD growth conditions for scaled-up nanotube synthesis on large surfaces. The flows of high purity methane and hydrogen are systematically balanced to result in an active ''growth regime'' in which carbon feedstock is sufficiently supplied to catalyst particles for nanotube growth, yet without excessive hydrocarbon pyrolysis.
14 Increasing or decreasing the hydrogen flow could result in ''pyrolysis'' or ''inactive'' regimes, respectively. In the pyrolysis regime, catalyst poisoning occurs due to serious hydrocarbon self-decomposition. In the inactive regime, the carbon feedstock is insufficient due to hydrogen suppression of hydrocarbon reactivity. Both these regimes cause low nanotube yields.
14 Understanding of this serves as a basis for identifying active nanotube growth regimes in CVD systems with various chamber sizes ͑diam-eters͒, and is key to scaling up SWNT synthesis on large substrates. 14 The SWNTs grown from the Si pyramids typically extend outward from the tips 1-10 m, as revealed by SEM imaging and AFM force measurements. These nanotubes are shortened to about 30-100 nm to obtain mechanically rigid nanotube probe tips for AFM operation. This is done by releasing the Si tips from the wafer, mounting them on an AFM ͑Digital Instruments, Santa Barbara, CA͒, and electrically discharging the nanotubes in the ambient against a conducting substrate during tapping mode force measurement. A typical force curve for as-grown SWNT tips exhibits fluctuating cantilever vibration amplitude when the nanotube is pushed into the substrate ͓Fig. 3͑a͔͒. Fluctuation in the cantilever vibration amplitude is a signature of buckling of a long and soft SWNT, and can be used for assessing whether SWNTs are grown out of Si tips without relying on SEM imaging. To shorten the tube, an electric bias voltage is ramped up between the nanotube and a doped Si substrate until the nanotube is etched by oxygen discharge. [1] [2] [3] [4] [5] [6] [7] [8] [9] This procedure is repeated until the force curve indicates that a rigid nonsticking nanotube tip is obtained, with a sharp decrease in the cantilever vibration amplitude upon engaging and little hysteresis in the engaging and retracting curves ͓Fig. 3͑b͔͒. The yield of the shortening process is about 70%, leading to abundant functional SWNT probe tips for AFM.
We have applied SWNT AFM tips to imaging proteins adsorbed on carbon nanotubes grown from a ferritin-based 15 catalyst on SiO 2 substrates. Figure 4 shows a tapping mode image of staphylococcus protein A adsorbed onto the side of a SWNT. The nanotube tip clearly resolves individual proteins at ϳ5 nm distances along the nanotube, which appears to be the typical lateral resolving power of our nanotube tips when used under ambient conditions. Thus far, we find that the main advantage of our nanotube tips is that the high resolution of shortened SWNT tips is much more consistent and longer lasting than Si tips. The sharpest Si tips do exhibit lateral resolution comparable to typical SWNT tips. However, of importance is that the image quality with nanotube tips exhibits no appreciable degradation over extended periods of scanning, whereas Si tips tend to degrade quickly and need to be frequently replaced.
Wafer scale synthesis of SWNTs for mass production of AFM scanning probes is presented in this letter. We have also employed other patterning technique and growth conditions and obtained similar results in nanotube yield. For instance, instead of depositing catalyst from liquid suspensions, subnanometer thick iron films can be evaporated onto Si tips protruding from a PMMA film. Liftoff of PMMA leaves iron particles only around the Si tips. The yield of SWNTs with this catalyst is similar to that of the alumina supported catalyst. The growth temperature ͑900-1000°C͒ and gas flow rates can also be varied, as long as the parameters are balanced and result in the active SWNT growth regime described earlier. We have also fabricated our own wafers of Si cantilevers/tips, with the aim of integrating the catalyst-patterning step into the cantilever/tip fabrication process. We are now in the process of automating the nanotube shortening process, and developing methodologies to shorten nanotubes at the wafer scale. 
